
PROGRESS IN SUPERALLOYS 

by John C. Freche 

Lewis Research Center 
Cleveland \ Ohio 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION • WASHINGTON, D. C. • OCTOBER 1964 


TECH LIBRARY KAFB, NM 



PROGRESS IN SUEERALLOYS 


by John C. Freche 
Lewis Research Center 


SUMMARY 

Advanced temperature nickel- and cobalt -base alloys are under development 
at the NASA Levis Research Center. The strongest nickel-base alloys developed 
compare favorably in high-temperature strength with the strongest cast commer- 
cial nickel-base alloys and have some workability. The cobalt-base alloys com- 
pare well in high-temperature strength with the strongest cast commercial 
cobalt-base alloys and have good rollability characteristics. 

The cobalt -base alloys are unique in that they are strengthened primarily 
by low-volatility materials, such as the refractory metals. Because of this, 
they are inherently more resistant to evaporation in a vacuum environment than 
conventional cobalt-base superalloys that contain large amounts of chromium. 
This would indicate that, in addition to space-power applications, they might 
be used advantageously in industrial applications where high-temperature 
strength and resistance to evaporative loss are major requirements. 


INTRODUCTION 

Superalloys perform a major role in meeting space-age materials require- 
ments in the intermediate temperature range between approximately 1500° and 
2200° F. Their high strength at these temperatures coupled with generally good 
oxidation resistance makes such alloys prime candidates for many aerospace ap- 
plications . These include turbojet engine stator vanes, turbine buckets, com- 
bustion chamber and tailpipe assemblies, and suborbital and space vehicle 
structural members, to mention a few. The NASA is conducting research to devel- 
op improved superalloys in order to meet the severe materials requirements im- 
posed by advanced engine and vehicle designs. Of course, these alloys can be 
applied in areas other than the aerospace field, and it is expected that indus- 
try will benefit from the availability of newer and stronger superalloys. 

Research programs are in progress to provide both improved advanced- 
temperature nickel-base superalloys (refs. 1 to 5), as well as cobalt-base 
alloys (refs. 6 and 7). A review of the progress made to date in these re- 
search areas is presented. 



IttCKEL-RASE ALLOY RESEARCH 


The 
alloy is 


nominal composition in -weight 
given in the following table; 


percent of the basic NASA nickel-base 


Molybdenum 

Chromium 

Aluminum 

Zirconium 

Nickel 

8 

6 

6 

1 

Balance 


This composition was selected for high-temperature strength and ductility from 
screening studies of various experimental compositions by stress -rupture and 
tensile tests. It was selected as the basis for further systematic alloying 
studies utilizing the following elements: carbon, titanium, vanadium, tung- 

sten, and tantalum as well as certain combinations of these elements. All the 
experimental alloys investigated were induction melted under an inert gas 
cover. It is significant to note that vacuum casting techniques are not re- 
quired for these alloys* Experimental melts were approximately 3 pounds in 
weight, and investment casting techniques were employed to make test specimens. 


High- Temperature Strength 

By way of an overall summary, figure 1 shows the improvements in 15,000- 
pound-per-square-inch stress -rupture properties obtained to date by modifica- 
tions of the basic alloy. Succes- 
sive improvements were made by 
means of the titanium (Ti), carbon 
(C) modification, the tungsten (W), 
vanadium (V), C modification, and 
the tantalum (Ta), W, V, C modifi- 
cation, also referred to as the 
NASA TaZ-8 alloy. The extent of 
the improvements is quite appreci- 
able. Thus, at 1800° E, average 
life has been extended from less 
than 100 hours with the basic alloy 
to approximately 1200 hours with the 
TaZ-8 alloy. Perhaps even more im- 
portant has been the increase in use 
temperature that was obtained. For 
100-hour life, for example, 15,000 
pound per square inch use tempera- 
ture has been increased from approx- 
imately 1780° F for the basic alloy 
to 1915° F with the TaZ-8 alloy. 


The nominal chemical composition in weight percent of the tantalum- 
modified nickel-base alloy (NASA TaZ-8) is given in the following table: 


Chromium 

Aluminum 

Molybdenum 

Tungsten 

Tantalum 

Zirconium 

Vanadium 

Carbon 

Nickel 

6 

6 

4 

4 

8 

i 

2.5 

0.125 

Balance 



Figure 1. - Stress-rupture comparison of the NASA nickel-base 
alloy series at stress of 15,000 pounds per square inch. 
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Figure 2. - Operating temperature for 100-hour life at stress of 15,000 pounds 
per square inch for several nickel -base superalloys. 


This composition differs 
from the basic 'MSA. alloy in 
that Ta, V , W, and C have 
been added and the molybde- 
num (Mo) content reduced* 

To provide an indica- 
tion of how the strongest of 
these alloys, the TaZ-8 
alloy, compares with the 
strongest commercial nickel- 
base alloys, a bar-chart 
comparison of use tempera- 
ture is given in figure 2. 

The 100-hour operating tem- 
perature at 15,000-pound- 
per-square-inch stress is 
presented for the TaZ-8 
alloy, for Nicrotung and 
Rene 41 (ref* 8), and for 
Inconel 7130 (ref. 9). 

Rene 41 is included as rep- 
resentative of a fully workable nickel-base alloy. The TaZ-8 alloy compares 
favorably with all of these alloys. Although they are not shown on the figure, 
more recent commercial alloys, TRW 1800 and IK 100 (ref. 9), also have 100-hour 

use temperatures less than that of 
the TaZ-8 alloy. Recently acquired 
data for another nickel-base alloy, 

SM 200 (ref. 10) , indicate that its 
100-hour use temperature at this 
stress level is comparable to that of 
the TaZ-8 alloy. It is important to 
note, however, that SM 200 is con- 
sidered by the manufacturer to be a 
cast product, whereas the TaZ-8 alloy 
has some workability, as will be shown 
in the following section. 

Figure 3 shows the tensile prop- 
erties of this alloy as a function of 
temperature In both the as-cast and 
the as-forged condition. In the as- 
cast condition, ultimate tensile 
strength ranges from approximately 

135.000 pounds per square inch at 
room temperature to 35,000 pounds per 
square inch at 2100° F. In the 
forged condition, ultimate tensile 
strength varies from 158,000 to 

18.000 pounds per square inch at 

Figure 3. -Tensile properties of NASA TaZ-8 these temperatures. Maximum elonga- 

alfoy. 
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tion values were 16 and 8 percent at 2100° F in the as-cast and as-forged con- 
dition, respectively* These elevated temperature tensile strengths are high 
for nickel-base alloys. At 2000° F, for example, the as-cast ultimate tensile 
strength of the TaZ-8 alloy exceeds that of any of the unalloyed refractory 
metals . 


Workability 

In addition to excellent long time high- temperature -strength properties, 
this alloy has sufficient ductility so that it has workability potential* With 
regard to workability, figure 4 shows the degree of deformation achieved at 


(a) As-cast and as-forged bars. 


(b) Sections of forged bars showing various degrees of reduction. 


Figure 4. - Deformation of cold-forged bars of NASA TaZ-8 alloy. 


room temperature in a 4500-pound drop forge with a 1/2 -inch- diameter cast round 
of the TaZ-8 alloy. Reductions in thickness of 29 percent, as shown here, have 
been obtained without edge cracking. These results indicate that the alloy has 
a considerable degree of ductility. Superstrength sheet has also been obtained 
from this alloy. This work was done under Air Force sponsorship by another in- 
vestigator (ref. ll). Cast slabs of the TaZ-8 alloy that were 0.100 inch thick 
were successfully reduced to 0.015-inch-thick sheets by using specialized roll- 



Figure 5. - Oxidation data for several nickel-base alloys 
at 1900° F. 


ing equipment. 


Oxidation Resistance 

In addition to good workability 
and high short-time elevate d-temperature 
strength, good oxidation resistance at 
high temperatures is also required from 
nickel-base alloys, particularly for 
reentry vehicle applications * Figure 5 
compares the 1900° F oxidation resis- 
tance on the basis of weight gain per 
unit area of the NASA TaZ-8 alloy with 
Rene 41, presently a leading contender 
for reentry vehicle skin panels. Also 
shown in figure 5 are data for Nicro- 
tung, a strong cast nickel-base alloy, 
and Nichrome, a very weak material with 
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excellent oxidation resistance , which is included here as a frame of reference . 
The TaZ-8 alloy shows a weight gain per unit area intermediate to Nicrotung and 
Rene 41, which indicates oxidation characteristics more favorable than Nicro- 
tung but less favorable than Rene 41. 

Some spalling of the oxide scales was observed with all of these alloys, 
but it was more pronounced with the TaZ-8 alloy. Spalling of the oxide is par- 
ticularly undesirable for thin panel sections of reentry vehicles since it con- 
tinually exposes a fresh metal surface to the oxidizing environment. This can 
adversely affect the structural integrity of such a thin section. 


Metallographic studies indicate another aspect of the oxidation problem 
with these alloys that is of importance. Figure 6 shows the microstructures of 
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Figure 6. - Microstructure of oxidation test specimens after 200 hours at 1900° F. X750. 

oxidized samples of Ta.Z-8 and Rene 41. Both alloys display an external oxide 
layer, a depletion zone adjacent to the oxidized surface, and a relatively un- 
affected zone. The depth of depletion zone is appreciably less for TaZ-8, how- 
ever. This implies that TaZ-8 may be less subject to structural deterioration 
as a result of depletion of alloying constituents upon exposure to high- 
temperature oxidizing conditions, even though it is more subject to spalling 
than Rene 41. 


Various modifications of the MSA TaZ-8 alloy are under investigation to 
improve its high-temperature oxidation resistance as well as its high- 
temperature strength. Some preliminary oxidation data obtained at 1900° F with 
one of the most promising modifications are shown in figure 7 compared with the 
TaZ-8 alloy and with Rene 41 on a weight gain per unit area basis. The modified 
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Figure 7. - Oxidation behavior 
of several nickel -base alloys 
at 1900° F. 


HASA TaZ-8 alloy shows a lower weight gain per unit 
area than Rene 41 up to approximately 200 hours hut a 
greater gain heyond 200 hours. It is of interest to 
note that the spalling observed previously with the 
TaZ-8 alloy appears to have been virtually eliminated 
with the modified alloy,, and that it was significantly 
less than that observed with Rene 41. The high- 
temperature properties and workability of this modi- 
fied alloy are now being investigated, and preliminary 
data indicate that these properties are at least as 
good as those of the TaZ-8 alloy. 


Applications 


A major area of interest for nickel-base super- 
alloys is in turbojet engine applications. Figure 8 
shows the results of some jet engine tests made with one of the earlier alloys 
in this series, a Ti,C modification of the basic alloy. 


o 

Cl 

o 

A 


Stress-rupture 

Fatigue 

Failed, unclassified 
Unfailed, removed for metal- 
lurgical examination 
Unfailed at end of test (407 hr) 


This alloy was evaluated as a turbine rotor bucket material along with 
several commercial superalloys in a modified. J33-9 engine. Turbine inlet 

gas temperature was 1800° F 
and the maximum bucket tem- 
perature was 1650° F. It 
is significant to note that 
these temperatures are ap- 
proximately 100° F or more 
above those currently em- 
ployed in commercial turbo- 
jet engines. As buckets 
failed or were severely dam- 
aged during the course of 
the test, which was con- 
ducted at rated engine speed, 
they were replaced with new 
ones. The results obtained 
with this alloy are compared 
with those of cast Udimet 
500. After 407 hours, four 

of the original six MSA alloy buckets remained intact* One was removed for 
metallographic examination after 223 hours, and another failed in fatigue after 
340 hours. The later alloys of this series have better high- temperature 
strength and ductility than the Ti,C modified alloy. This suggests that they 
should also perform more favorably as turbine buckets at inlet gas temperatures 
of 1800° F and above. 


Vacuum -cast 
udimet 500 

Titanium-carbon 
modified NASA 
alloy 


1 


J 


100 


200 


300 

Life at rated speed, hr 


400 


500 


Figure 8. - Results of alloy evaluation in turbojet engine. Bucket 
temperature, 1650°. 


Another interesting application for these alloys now under consideration 
is in suborbital flight vehicles such as the HASA X-15 airplane shown in fig- 
ure 9. As the X-15 descends through the Earth 1 s atmosphere, the temperatures 
of many parts of this airplane assume values at which material strength deterio- 
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Figure 9. - NASA X-15 airplane. 


rates markedly. One such area is the nose sensor. Figure 10 illustrates an 
investment cast blank of the nose sensor (instrument housing) cast from one of 
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Figure 10. - Nose instrument housing of X-15 airplane. 


the NASA alloys for an advanced 
version of this airplane. This 
will be machined to the final 
shape shown adjacent to it. 

These two illustrative ap- 
plications are, of course, 
directly related to the aero- 
space field, which is the area 
of immediate MSA interest. It 
should be reiterated, however, 
that these alloys have poten- 
tial for use in any engineering 
application where high- 
temperature strength and. duc- 
tility are required at tem- 
peratures up to perhaps 
2100° F. 


COBALT-BASE ALLOY RESEARCH 


Research is also being conducted to provide advanced temperature cobalt- 
base alloys primarily for application to advanced space-power systems . Pig- 


Turbine Generator Generator 



(a) Rankine (vapor) cycle. (b) Brayton (gas) cycle. 

Figure 11. - Nuclear turbogenerator systems. 


i 


7 










ure 11 illustrates two promising systems of this type. The figure shows sche- 
matic diagrams of two turboelectric power systems in which nuclear power is con- 
verted to electric power through the medium of closed thermodynamic cycles. 

Both a Rankine and a Brayton cycle are shown. In both systems heat energy is 
supplied by a nuclear reactor. A heat-transfer fluid is used to extract heat 
from the reactor and drive a turbogenerator. The major differences between the 
two systems lie in the fact that the Rankine cycle employs a dual loop and uses 
liquid-metal heat-transfer and turbine drive fluids, whereas the Brayton cycle 
employs a single loop and an inert gas as the heat-transfer and turbine drive 
fluid. 


For systems of this type, alloys with superior properties are needed for 
radiator, ducting, turbine, and generator components. Because these must in 
many cases function in an intermediate temperature range between approximately 
1500° and 2200° F, superalloys are prime contenders for use in these compo- 
nents. Cobalt-base alloys are of particular interest if a liquid metal is used 
as the heat-transfer fluid (Rankine cycle). Extensive corrosion studies made 
with mercury up to 1300° F for times up to 1000 hours have shown nickel-free 
cobalt -base alloys to be superior to nickel-base and nickel-bearing cobalt -base 
alloys, although inferior to refractory metals (ref. 12). Only limited corro- 
sion data are available to date with the alkali metals, and extensive research 
is still required to establish fully the relative merits of various materials 
with respect to alkali metal corrosion. The alkali metals are, of course, also 
under consideration for use in these space-power systems. Also, cobalt has a 
somewhat lower evaporative loss rate than nickel. The importance of low vola- 
tility in materials to be used in a 
space environment can better be under- 
stood by consideration of figure 12, 
which shows the loss rates of various 
metals as a function of temperature in 
inches per 10,000 hours. This period 
of time is approximately equivalent to 
an interplanetary mission of 1 year. 
These data were compiled from refer- 
ence 13* Only Ti, C, Zr, and the re- 
fractory metals have lover loss rates 
than cobalt. Both aluminum (Al) and 
chromium (Cr) have high loss rates. 
Perhaps most significant is the high 
evaporative loss rate of Cr, which is 
present in quantities up to 25 percent 
in virtually all commercial cobalt-base 
alloys. For example, at 1800° F, Cr 
has an evaporation loss rate of 0. 030 
inch in 10,000 hours, which is clearly 
undesirable for thin wall tubing ap- 
plications. Of course, these calcula- 
tions were made for pure metals, and 
dilution and other effects will prob- 
ably exist in the case of alloys. 

Nevertheless, it appears from the magnitude of these losses that evaporation of 
volatile alloying constituents cannot safely be ignored and that structural de- 
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terioration could occur with alloys containing large quantities of Cr, upon 
their exposure for long time periods at high temperature in a space environment. 

Some recent data by Russian 
investigators (ref. 14) have 
come to light which suggest 
that there may be a point of 
controversy as to the rela- 
tive evaporative loss rates of 
metals such as cobalt and 
nickel. Until further data 
are obtained, the data refer- 
enced herein represent the 
most complete and accepted 
data on this subject and must 
form the basis for any com- 
parisons of this nature. 

An investigation is be- 
ing conducted to provide ad- 
vanced temper at lore cob alt - 
base alloys which are strengthened primarily by low volatility alloying con- 
stituents for advanced space -power- system applications. Experimental composi- 
tions of cobalt - refractory -metal alloys were screened for high-temperature 
strength and ductility by stress -rupture and tensile tests. A ternary alloy, 
Co-25W-lTi, was selected as the basis for further systematic alloying studies 
utilizing low-volatility additives . All alloys were induction melted under an 
inert gas cover. Vacuum melting is not required for these alloys. Melts were 
approximately 3 pounds in size and investment casting techniques were used to 
make test specimens. 



Figure 13. - Comparison of stress-rupture properties at 1800° F of several 
cast cobalt-base alloys. 


High-Temperature Strength 

Figure 13 illustrates the as-cast 1800° F stress -rupture properties in air 
of two of the strongest alloys developed thus far, a 0.4C modified alloy and 


lOOxlO 3 

— Co-25W-lTi-0.4C 

— solution treated at - 

- o 2400° F 

• 2475° F 



Figure 14. - Stress-rupture properties at 1800° F of 
Co-25W-lTi-0.4C alloy sheet in helium and cur- 
rent sheet alloys in air. 


the 0.4C,lZr modified alloy, com- 
pared with several of the strong- 
est current cast cobalt -base 
alloys , SM 302 and HS 31 (ref. 15), 
and WI-52 (ref. 16). It is evi- 
dent that, although no attempts 
were made to protect the experi- 
mental alloys against oxidation by 
coatings, the lives of these 
alloys compare favorably with 
those of the commercial alloys, 
all of which contain between 21 and 
25 percent Cr. 

Some stress-rupture data have 
also been obtained with sheet 
material of the 0.4C modified 
alloy. Figure 14 illustrates the 
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1800° F sheet stress -rupture properties of this alloy compared with those of 
two of the strongest current cohalt-base sheet alloys, J-1650 (ref. 15) and 
L-605 also known as Haynes Alloy 25 (ref. 17). To avoid loss of load hearing 
area hy oxidation, the small cohalt - refractory -metal alloy sheet ( 0.060-in.) 
specimens were tested in helium. Although only limited data have been obtained 
to date, these data compare quite well with the commercial alloys. Solution 
treatments were the only heat treatments attempted with the experimental alloy. 
It is probable that its properties could be improved by suitable aging or com- 
binations of working and aging. Sheet specimens will be tested in vacuum to 
simulate space conditions more closely. 

The tensile properties of the 0.4C and the 0.4G - IZr modified alloys are 
summarized in the following table; 


Alloy 

Condition 

Test 

temperature , 
°F 

Ultimate 

tensile 

strength, 

psi 

Elongation, 

percent 

Cast 

Co-25W-lTi-0.4C 

As -cast 

Hoorn 

97,000 

6.2 




1800 

44,870 

12.5 

Co-25W-lTi-lZr-0.4C 

As -cast 

Room 

98,580 

3.5 

Sheet 

Co-25W-lTi-0.4C 

As -rolled 

Room 

204,400 

22.6 



Solution treated 

Room 

106,000 

14.4 



at 2475° F 






Solution treated 

Room 

144,250 

20.3 



at 2400° F 






Solution treated 

1800 

34,800 

15.5 



at 2400° F 




Co-25W-lTi-lZr-0.4C 

As -rolled 

Room 

179,300 

20.2 



Solution treated 

Room 

147,030 

20.5 



at 2400° F 






Solution treated 

1800 

38,250 

19.5 



at 2400° F 





Both as -cast and sheet data are shown. Several points should be noted with re- 
spect to these data. The elongations range between approximately 15 and 22 per- 
cent for the sheet material. The as-hot-rolled room-temperature tensile 
strengths exceed 200,000 pounds per square inch. The latter fact may be of 
considerable interest for room-temperature applications where high-strength 
sheet is required. Still higher strengths are probably obtainable by cold roll- 
ing. These alloys thus afford a combination of high-elevated-temperature and 
room-temperature strength. 

Further alloying investigations are being conducted to extend further the 
high-temperature strength capability of this family of alloys. 
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Workability 


Since good workability is another major requirement for advanced power 
system ducting and radiator applications, attempts were made to form the strong 
est cobalt - refractory-metal alloys into sheet. The alloys were readily roll- 
able. This is illustrated pictorially in figure 15, which shows a chill-cast 

slab of the Co-25W-lTi-lZr- 
0.4C alloy approximately 2 by 


power 

well. 



C -66228 

Figure 15. - Steps in rolling^alloy Co-25W-lTi-lZr-0.4C. 


systems and used for other high-temperature 


2— inches and ~ inch thick. 

The 0.045-inch sheet adjacent 
to it was obtained by hot roll 
ing at 2150° F, and no edge 
cracking was observed. On the 
right is a section of a 0.045- 
inch-thick sheet that was fur- 
ther reduced to a thickness of 
0.013 inch by cold rolling. 

The ease with which these 
alloys can be rolled suggests 
that they can be formed into 
the complex shapes required 
for radiator and ducting com- 
ponents of advanced space- 
aerospace applications as 


Oxidation Resistance 

Although the cobalt - refractory -metal alloys under investigation cannot 
be expected to have the same high degree of oxidation resistance observed in 
high Cr bearing superalloys, it was found that these alloys certainly do not 
oxidize catastrophically. On the contrary, their long life in air in high- 
temperature stress -rupture tests suggests that these alloys have at least lim- 
ited applicability in the uncoated condition in an oxidizing environment. Of 
course, in space-power-system applications where a vacuum environment is in- 
volved, oxidation is not a problem. By providing protective coatings, the 
potential of these alloys is further enhanced for a variety of other high- 
temperature applications including turbojet engine components, such as stator 
vanes, turbine buckets, combustor, and tailpipe components. 


CONCLUDING REMARKS 

In view of the potential of these nickel- and cobalt-base alloys for high- 
temperature aerospace applications, research is continuing to extend their 
high-temperature capability. Although these alloys were developed for aero- 
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space applications, their advantageous properties suggest that they be consid- 
ered for appropriate high- temperature industrial applications as -well. 


Lewis Research Center 

National Aeronautics and Space Administration 
Cleveland, Ohio, June 24, 1964 
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"The aeronautical arid space activities of the United States shall be 
conducted so as to contribute ... to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof.” 

— National Aeronautics and Space Act of 1958 
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Details on the availability of these publications may be obtained from: 
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
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